Introduction
The role of nutrition and diet in human health has attracted great interest in recent years. Several epidemiological studies have pointed that vegetable consumption contributes to reduce risks associated with various diseases such as atherosclerosis and cancer (Lenucci et al., 2006; Podsędek, 2007; Del Giudice et al., 2015) . The beneficial effects attributed to vegetables and fruits are particularly related to the antioxidant activity of food constituents (Zanfini et al., 2010; Sta ci_ c et al., 2015; Soares et al., 2019) . Antioxidants predominantly present in plants are vitamins C and E, phenolic compounds, and carotenoids (De Pascual-Teresa, Sanchez-Ballesta and García-Viguera, 2013) . Regarding the last ones, their structure, such as size and presence of functional groups, is directly linked to their bioactive functions. A large range of fruits and vegetables is rich in bioactive compounds such as carotenoids including carrots, papaya, and tomatoes.
Tomatoes (Solanum lycopersicum L.) are among the most widely consumed crops. This fruit is consumed both in natura and processed in a wide range of products (Toor and Savage, 2005) . Fresh fruits and tomato products contain 35%-96% total lycopene and 1%-22% cis-lycopene (Schierle et al., 1997; Holloway et al., 2000; Livny et al., 2002) . Since tomato is a fruit rich in various carotenoid pigments, especially lycopene, it represents an important source of these molecules for human nutrition (Khachik et al., 2002) . Carotenoids play a major role in human nutrition and health, because they take part in pro-vitamin A and display anticancer properties (Fraser and Bramley, 2004) . Moreover, carotenoids are excellent deactivators of reactive oxygen species (ROS) such as singlet oxygen ( 1 O 2 ) and peroxyl radical (ROO) (Jomova and Valko, 2013; Burton and Ingold, 1984; Foote et al., 1970; Edge et al., 1997) . Studies suggest that consumption of fresh market tomatoes and tomato products reduces the risk of chronic diseases such as cardiovascular diseases and cancer (Sta ci_ c et al., 2015; Palozza et al., 2011; Niranjana et al., 2015) . In fact, a relation between the consumption of large amounts of tomato-based products and the reduction of prostate cancer cell proliferation has been associated to lycopene (Kim et al., 2004; Bommareddy et al., 2013) .
Given that tomato is grown and consumed worldwide, it is a natural candidate for breeding for nutrient enrichment. Therefore, it has been genetically engineered to produce fruits with different physiological characteristics and improved nutritional properties. This study aimed to evaluate the composition of the carotenoid-rich fractions (CRF) of a new variety of nutrient-rich purple tomato, bred to display high concentrations of anthocyanin, ascorbic acid, and carotenoids. This non-transgenic variety was compared to a commercial Red Cherry variety regarding antioxidant activity of peel and pulp extracts as well as their antiproliferative activity against human tumor cell lines.
Material and methods

Plant material and processing
The nutrient-rich tomato near-isogenic lines (NILs) carrying the mutations anthocyanin fruit (Aft), atroviolacium (atv), aubergine (Abg), beta-carotene (B), old-gold crimsom (og), and high pigment 1 and 2 (hp1, hp2) from their original genetic backgrounds into Micro-Tom (MT) (Sestari et al., 2014) , a new variety of nutrient-rich purple tomato (Solanum lycopersicum L. cv Micro-Tom), produced in a greenhouse at the Departamento de Ciências Biol ogicas, Escola Superior de Agricultura "Luiz de Queiroz", Universidade de São Paulo, Piracicaba, SP, Brazil (22 42 0 30 00 S; 47 38 0 30 00 W), and the Red Cherry variety (Solanum lycopersicum cv cerasiforme), purchased in a local market, were employed in this study (Fig. 1 ). The purple tomato was considered ripe for harvest when all the fruits were black, approximately two weeks from the appearance of the fruit. Ripe tomatoes were manually separated into peel, pulp, and seeds, and only the peel and pulp were used. The amount of raw material used was 500 g of each variety. After lyophilization, the samples were packaged in plastic bags protected from light and air and kept at À80 C until extraction. Just before extraction, the lyophilized tomatoes were milled to a powder in a stainless steel mill at 28,000 rpm (Basic IKA A11, IKA, Campinas, SP, Brazil).
Obtention of carotenoids-rich fractions (CRF)
Aliquots of 10 mL of acetone: hexane (4:6, v:v) were added to 100 mg of samples (taken from ultrafreezer and immediately milled) and stirred for 20 min in sealed vials, followed by filtration through a qualitative paper filter 80 g (J Prolab Ind. e Com. de Produtos para Laborat orio Ltda, São Jos e dos Pinhais, PR, Brazil). The process was performed two more times, and the CRF were pooled and dried under nitrogen flow. The masses of the peel and pulp CRF were determined, and they were stored at À80 C until analysis (Nagata and Yamashita, 1992) . For DPPH, ABTS þ , FRAP, TBARS, antiproliferative activity, and hepatotoxicity analyses, the CRF were firstly diluted with acetone: hexane (1:1; v:v) to a concentration of 1000 μg mL À1 , and then diluted with ethanol p.a. to the final concentrations of 100, 200, and 400 μg mL À1 . All extracts and analyses were performed in triplicate for each sample.
Characterization of carotenoids in CRF using HPLC
A Shimadzu liquid chromatograph Model LC20A (Shimadzu Co., Kyoto, Japan) equipped with a polymeric C 30 column, 3 μm, 4.6 Â 250 mm (YMC Co., Kyoto, Japan), and an ultraviolet-visible (UV-Vis) detector (SPD-20AV, Shimadzu) was used. The analyses were performed at a wavelength of 450 nm-470 nm, at 25 C (CTO-20A, Shimadzu Co.) with the aid of an automatic injector (10 μL). The mobile phase used was composed of methanol (A) and tert-butyl methyl ether (B) at a flow rate of 0.8 ml min À1 as a linear gradient for 60 min, ranging from 90% to 40% of (A), followed by a rebalancing of the system to 90% of (A) for 15 min before another injection. The compounds were identified by their typical retention times in this method according to literature (Rodriguez-Amaya and Kimura, 2004) . The quantification was performed using reference standards (β-carotene and lycopene, Sigma-Aldrich Co. LLC., St. Louis, MO, USA).
Evaluation of antioxidant activity
CRF were analyzed as antioxidant against the synthetic free radicals DPPH and ABTS. The DPPH method was performed as proposed by Brand-Willians et al. (1995) and the radical-scavenging activity was expressed as percentage of inhibition (%). ABTS þ radical was produced according to Salvador et al. (2019) . The analysis was carried out at 734 nm and the results were expressed as percentage of scavenging activity (%). Each CRF extract was analyzed in triplicate.
The assessment of endogenous lipid peroxidation was accomplished by detecting lipoperoxide derived from substances that react with thiobarbituric acid (Bird and Draper, 1984; Morais et al., 2006) . Aliquots of 25 μL extracts or standards, 100 μL distilled water, and 125 μL 0.55% lyophilized egg yolk solution in sodium dodecyl sulfate as a source of lipids were added to falcon tubes. After that, 12.5 μL 0.07% 2,2-azo-bis-acid chloride (ABAP) aqueous solution, 375 μL 20% acetic acid solution (pH 3.5), and 375 μL thiobarbituric acid solution (TBA; 0.8% w:v) in sodium dodecyl sulfate solution (SDS; 0.55% w:v) were added and the resulting material was placed in a water bath (95 C) for 1 h under stirring. After cooling, 1.2 mL n-butanol was added to each tube, centrifuged for 5 min at 8,000 rpm, and the supernatant was measured in a spectrophotometer at 532 nm. The same process was carried out using control tubes, containing all the reagents, except that the samples were not added, whereas in the white tube, ABAP was replaced with water.
Analyses were carried out in quintuplicates. β-carotene and α-tocopherol were used as standards at same concentrations of samples (100, 200, and 400 μg mL À1 ). Inhibition of lipid peroxidation (%) was determined according to the equation 1 -(Abs sample /Abs control ) x 100.
CRF were analyzed by FRAP method according to Müller et al. (2010) with modifications. FRAP reagent was prepared as follows: 2.5 mL 10 mM 2,4,6-tri (2-pyridyl)-s-triazine (TPTZ) solution in 40 mM HCl was added to 2.5 mL FeCl 3 .6H 2 O and 0.3 mL 25 mM acetate buffer (pH 3.6), the solution was incubated at 37 C for 30 min. The analyses were performed in triplicate. The results are the mean of triplicates and expressed as μM Fe 2þ per mg dry extract. Human tumor cell lines MCF-7 (breast carcinoma), NCI-H460 (nonsmall cell lung cancer), HeLa (cervical carcinoma), and HepG2 (liver carcinoma cells) from the Leibniz-Institut Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ, Braunschweig, Germany) were used in this assay. Cells were maintained as adherent cell cultures in RPMI-1640 medium containing 10% inactivated fetal calf serum and 2 mM glutamine, at 37 C in a humidified 5% CO 2 /95% air incubator. Cell lines were seeded at an appropriate density (1.0 Â 10 4 cells/well) in 96-well plates. The sulforhodamine B test was conducted following the protocol described by Barros et al. (2013) . Ellipticine and culture medium were used as positive and negative control, respectively, and the results are expressed in μgmL À1 , growth inhibition of 50% (GI 50 , sample concentration capable of inhibiting the growth of cancer cells by 50%).
Hepatotoxicity (PLP2 cells)
A cell culture was prepared from fresh pig liver (Abreu et al., 2011) . The cell culture was monitored every two or three days using a phase contrast microscope. Prior to cell confluence, cells were subcultured and inoculated into 96-well plates at a density of 1.0Â10 4 cells/well in Dulbecco's Modified Eagle's medium (DMEM) with 10% inactivated fetal calf serum, 100 U.mL À1 penicillin, and 100 μg mL À1 streptomycin. Ellipticine and culture medium were used as positive and negative control, respectively, and the results are expressed in μg.mL À1 , GI 50 .
Statistical analysis
Results are expressed as mean AE standard deviation. One-way analysis of variance (One-Way ANOVA) was performed for data analysis, and the Tukey's test was used for comparison of mean values. Pearson's correlation analysis was also performed to assess relationships between variables. Statistical analyses were carried out using Statistica 8.0 (StatSoft Inc., Tulsa, OK, USA). The results were considered statistically significant when p < 0.05.
Results and discussion
Yields of CRF and carotenoids characterization
Yields of CRF from Purple tomato were two-fold higher than Red Cherry (Table 1) . Red Cherry variety did not have statistically significant difference in carotenoids yields between peel and pulp fractions.
Lycopene (6), β-carotene (4), neurosporene (5), lutein (1), and isomers of β-carotene (3) were the major carotenoids present in CRF Purple peel and pulp. Lycopene was also the most abundant carotenoid in peel and pulp CRF of Red Cherry tomatoes, followed by neurosporene and β-carotene (Table 2) . In Purple CRF, lutein, β-carotene, neurosporene, and lycopene were 1.7, 1.8, 1.8, and 2.1-fold higher in the peel than in the pulp, respectively. Instead, in CRF from Red Cherry, the concentrations of these compounds were higher in pulp. The qualitative chromatographic profile of Red Cherry was similar to that found for Purple tomatoes. Nonetheless, the former was lower in lutein and β-carotene.
Carotenoids have been investigated in different varieties of tomatoes submitted to several agronomic traits, and a great diversity of concentration of these compounds has been reported, making the comparison of results difficult (Erba et al., 2013; D'Evoli et al., 2013; Acosta-Quezada et al., 2015) . However, in a study of three varieties of tomatoes (Pera-Girona, Montserrat, and Caramba), the concentrations of lutein, β-carotene, and lycopene were inferior to those found in our study (Erba et al., 2013) . In New Zealand, the assessment of three tomato cultivars led to the conclusion that the skin fraction of all cultivars had higher levels of lycopene compared to the pulp and seed fractions (Toor and Savage, 2005) . This result may be associated with the fact that lycopene is mainly connected to the fiber fraction of the fruit (Sharma and Le Maguer, 1996) . These findings support the results of CRF from Purple tomatoes in the present study, since the content of lycopene found in the peel fraction was higher than the pulp fraction (Table 2) .
So far, few studies have been conducted with purple varieties of tomato aiming to combine genetic breeding with increased carotenoid concentration. Three mutations leading to uniformly purple fruits and enhanced nutrient contents from a Micro-Tom model cultivar were introduced into a commercial Cherry tomato cultivar. One of these mutations caused more chloroplast differentiation, which accounts for increased accumulation of carotenoids (Sestari et al., 2014) . In fact, in the present study, CRF of peel from a new variety of Purple tomato was superior to CRF of peel from Red Cherry in the total sum of carotenoids content. The content of lutein in CRF of Purple tomato was two-fold higher in pulp and six-fold higher in peel compared to CRF of Red Cherry (Table 2) . Since lutein is a xanthophyll present in green tissues, the high content found in CRF from Purple tomatoes is consistent with the presence of mutations enhancing chloroplast accumulation in the fruit (Sestari et al., 2014) .
Antioxidant activity
DPPH and ABTS þ scavenging activities of CRF from Purple and Red Cherry tomatoes were compared to the standards β-carotene and α-tocopherol at the same concentrations (Fig. 2) . CRF of peel from Purple tomato displayed more efficient DPPH radical scavenging at all concentrations tested. DPPH scavenging activities were similar in Red Cherry peel and pulp fractions at each concentration, and 4.5-fold and 1.5-fold more efficient at 100 μg/mL and 400 μg/mL, respectively, than Purple pulp CRF. In a study using similar concentrations of extracts of five varieties of tomatoes, DPPH radical reduction capacity depended primarily on genetic characteristics (Sta ci_ c , 2015) . In ABTS þ assay, all fractions showed a concentration-dependent radical reduction capacity. Purple peel CRF at 400 μg/mL exhibited 97% inhibition, similar to that of α-tocopherol (98%) at the same concentration. Purple pulp CRF and Red Cherry pulp and peel CRF had similar behaviors compared at equal concentrations, and in none of them radical scavenging activity was above 40%. Given that hydrophobic carotenoids belong to a group of antioxidant compounds, their main mechanism of action is located in biological membranes (Young and Lowe, 2001) .
In TBARS assay, both Purple CRF at 200 μg/mL had higher lipid oxidation inhibition (peel 60% and pulp 55.5%) than β-carotene standard (46.6%) (Fig. 2) . At 400 μg/mL, Purple pulp and peel CRF and Red Cherry pulp CRF exhibited higher lipid oxidation inhibition than β-carotene, whereas Red Cherry peel CRF had similar inhibition (50%).
Although in vitro tests indicate that the β-carotene incorporated into liposomes is an effective inhibitor of lipid peroxidation induced by oxidizing agents (Liebler et al., 1997) , in humans this action is not yet clear (Young and Lowe, 2001) . In experiments conducted in vivo, lycopene at 100, 200, 400, and 800 ppm was able to decrease lipid peroxidation as MDA as efficiently as BHT at 200 ppm (Basuny et al., 2009) . The structural differences between carotenoids suggest different types of interaction with membrane lipids, which affect membrane fluidity and thus thermostability in different ways (Havaux et al., 1996) . The ability of Purple and Red Cherry CRF to reduce Fe 3þ -TPTZ to Fe 2þ -TPTZ, used as a criterion of antioxidant activity, is presented in Table 3 . The standard β-carotene displayed the highest iron reducing capacity, following by Purple peel CRF, which is the fraction with the highest concentration of carotenoids (Table 2) . Purple pulp and Red Cherry peel CRF showed no statistical differences regarding this parameter.
Antiproliferative and hepatotoxic activities
Carotenoids are one of several classes of biologically active compounds that display high antioxidant and anticancer activities (Niranjana et al., 2015) . Epidemiological studies in humans suggest a protective effect of diets rich in carotenoids found in vegetables and fruits against cancer, but recent studies have demonstrated that isolatedly these phytonutrients are not able to exert beneficial health effects (Fiedor and Burda, 2014; Linnewiel-Hermoni et al., 2015) . It has been proven that the combinations of carotenoids (lycopene, phytoene, and phytofluene) or carotenoids and polyphenols (carnosic acid and curcumin) act synergistically in cultures of prostate cancer cells by inhibiting the activity of the androgenic receptor and activating the electrophile/antioxidant response element (EpRE/ARE) transcription system (Linnewiel-Hermoni et al., 2015) . In six tumor cell lines tested using lycopene for 48 h, reductions by 30% for T84 and HT-29 cells and 10% for MCF-7 cells were observed. After 96 h of treatment, only MCF-7 and HepG2 lines were responsive, with inhibition of 25% and 30% of cell viability, respectively, indicating that the effect of lycopene depends on time and cell type (Teodoro et al., 2012) . In a study similar to the present one, with HeLa, MCF-7, and MRC-5 cell lines, a pronounced antiproliferative effect was observed in MRC-5 line and to a lesser extent in HeLa and MCF7 in concentrations !125 μg/mL hexane tomato waste extracts (Sta ci_ c et al., 2015) . In the same study, antiproliferative activity against MCF-7 line was achieved by hexane tomato extracts at concentrations ranging from 600 to 1000 μg/mL. However, carotenoid-rich extracts obtained from Purple and commercial Red Cherry tomatoes at concentrations ranging from 51.22 to 182.31 μg/mL displayed better results (Table 4 ). This higher antiproliferative activity was attributed to the presence of a combination of lycopene and β-carotene (Sta ci_ c et al., 2015) . Red Cherry pulp fraction achieved the highest antiproliferative activity against the four tumor cell lines tested in the present study, and the best result was against MCF-7 line. Purple peel and Red Cherry pulp fractions had similar good results against HepG2 line. Studies conducted with other breast (MCF-7, HBL-100, and MDA-MB-231) and prostate (LNCaP) cancer cell lines demonstrated inhibitory effects attributed to lycopene. In some cases, this carotenoid was a more effective anticancer agent than αor β-carotene (Kim et al., 2004; Levy et al., 1995; Chalabi et al., 2004; Fornelli et al., 2007) . The hepatotoxicity test demonstrated that Purple peel and pulp and Red Cherry peel fractions had toxic effects above 400 μg/mL and only Red Cherry pulp differed from this value, with a minimal toxic concentration of 293.93 μg/mL. These results show that the carotenoids present in the tomato varieties studied exhibited potential for the inhibition of tumor cell growth, with low toxicity to liver cells, indicating that they could be consumed at the concentrations studied.
Correlation between carotenoids and biological activities of purple and cherry tomatoes
Neurosporene and lycopene showed negative correlations with cell growth, indicating that these carotenoids had a high influence on antiproliferative activity of the tomato extracts (Table 5 ). Since the results of antiproliferative activity were achieved by GI 50 , a negative and strong correlation indicates that when these carotenoids are in high content, the GI 50 for the cell evaluated tends to be low, evidencing the effect of these compounds. In fact, tomato powder containing phytofluene in addition to lycopene and other compounds was able to inhibit the prostate carcinogenesis in rats better than only lycopene (Mel endez-Martínez et al., 2015) . Otherwise, a high positive correlation between lutein, β-carotenes, and the methods for evaluation of antioxidant activity was found (r > 0.7).
This correlation analysis allowed discriminating the carotenoids from Purple and Cherry tomatoes in two groups considering their bioactive activities and chemical structures. The first group, composed by neurosporene and lycopene, shares an influence on antiproliferative activity of the tomatoes and a linear polyunsaturated hydrocarbons structure. The second one includes lutein and β-carotenes, which impart more influence on antioxidant activity possibly by having β-rings at their two ends and hydroxyls (lutein) allowing donate protons or electrons (Fig. 3) . Despite these features, both groups have a polyene chain which is characterized Values followed by (*) or (**) mean significative correlation at P < 0.1 or P < 0.05, respectively. Anti-proliferative results used by correlation analysis were GI 50 . Fig. 3 . Structures representing the carotenoids identified in Purple and Red Cherry tomatoes. Group 1 showed association with antiproliferative activity (A) and group 2 imparted more influence on antioxidant activity of tomatoes (B). L.H. Campestrini et al. Heliyon 5 (2019) e02831 by conjugated double bonds and it is associated with the antioxidant activity of carotenoids (Jomova and Valko, 2013) .
Conclusion
In summary, Purple peel tomato displayed the best antioxidant activities which can be associated to its highest content of carotenoids, specially lutein and β-carotenes, compared to the other carotenoid-rich fractions. Additionally, the Purple peel CRF had antiproliferative activity against HepG2 line (liver hepatocelullar carcinoma) at non-toxic concentrations. Red Cherry tomato, in turn, stood out in antiproliferative activity against four tumor cell lines (MCF-7, NCI-H460, HeLa, and HepG2) with low hepatic toxicity. High concentrations of neurosporene and lycopene in Red Cherry pulp CRF show to be related to the good antiproliferative activity found on it. Therefore, the new variety of nutrient-rich Purple tomato and commercial variety Red Cherry are good sources of dietary carotenoids with diverse health-promoting properties, such as antioxidant and antiproliferative.
